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FOREWORD 

The  research   repor ted   here in   was   per formed  for   the   Nat iona l  

Aeronautics  and  Space  Administration,  Fluid  Physics  Branch,  Research 

Division,  Office of Advanced  Research  and  Technology  under  Contract  NASr-109. 

This  contract   began  in  April  1962  and  the  work  performed  in  the  period  April 

1962  to  September  1962  was  documented  in a Final  Report   dated  September 30.  1962. 

The  program  was  renewed  in  April  1963  and  by a s e r i e s  of additions 

and  amendments  has  been  continuous  from  then  unti l   the  present  (April   1969).  

The  present  report   provides a complete  documentation of the  work  pe1,rormed  under 

this  contract   during  the  period  April  1963 - April  1969.  During  this  period  eight 

C A L  reports   and  nine  publ ished  ar t ic les   have  been  prepared,   which  represent  

the  contributions of many  members  of the  Aerodynamic  Research  Department 

to  this  contract .   The  publications  and  the  authors  are  l isted  in  the  Appendix.  
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INTRODUCTION 

The  research  performed  under   Contract   NASr-109  has   been  largely 

concerned  with  theoretical   and  experimental   studies of nonequilibrium  phenomena 

pertinent  to  propulsion.  In  particular,   the  emphasis  was  directed  toward  obtain- 

ing a better  understanding of the  chemistry,  fluid  mechanics  and  the  coupling of 

these  in   hydrogen  propuls ion  systems.  

Research   has   been   concent ra ted   in   th ree   a reas :  1. development of a 

computer  program  for  the  numerical   solution of nonequilibrium  expansions of 

reacting  gas  mixtures  and  i ts   application  to  recombination  in  rocket  nozzles;  

2. experimental   studies of nonequilibrium  phenomena  in  nozzle  expansion  flows; 

and 3 .  experimental   studies of dissociation  kinetics  behind  shock  waves.  While 

th i s   research   program  was   in i t ia l ly   concerned   wi th   d i ssoc ia t ion   and   recombina t ion  

in  hydrogen  and  the  effect of catalytic  additives  on  these  phenomena,  the  techniques 

developed  were  later  extended  to  investigate  other  nonequilibrium  systems of 

interest   in   the  propuls ion  and  aerospace  f ie lds .  

For   the  purpose of documentation  this  report  is divided  into  three  sections 

cor responding   to   the   th ree   major   research   a reas .   Most  of the   research   per formed 

under  this  contract   has  already  been  documented  in  CAL  reports  and  the  open 

l i t e ra ture .   These   a reas   a re   descr ibed   on ly   b r ie f ly   in   th i s   repor t   and   the   t i t l es  

and   abs t r ac t s  of the  relevant  publications  are  given  in  the  Appendix.  Reference 

to  this  Appendix is  given  in  the  text  by  superscript   numbers  preceded  by  the  let ter 

"A". Other  sections of the  work  performed,   which  are   in   general   less   complete  

and  have  not  been  published  to  date  are  reported  herein. 



I. THEORETICAL  STUDIES O F  HYDROGEN-ATOM 
RECOMBINATION I N  ROCKET  NOZZLES 

These  studies  were  concerned  with  determining  the  effect  of catalytic 

additives  in  enhancing  atomic  recombination  in a rocket  nozzle  environment.  

The  impetus  for  this  work  was  provided  by  the  loss of specific  impulse  in  chem- 

ical   propulsion  systems  caused  by  thermochemical  nonequilibrium. 

Init ial   calculations  had  suggested  that   additives  such  as low molecular 

weight  hydrocarbons  which  catalyze  recombination  would  help  maintain  equilibrium 

by  allowing  two-body  recombination  reactions  to  occur.  These  bimolecular  re- 

act ions  are   much  fas ter   than  the  normal   three-body  recombinat ion  path.   Further  

calculations  were  performed  for  hydrogen  nozzle  f lows  containing  oxygen  and  an 

oxygen-nitrogen  mixture  which  demonstrated  that  gas  phase  catalysis  again  increased 

the  specific  impulse  but  that  these  gains  were  at  least  partly  offset  by  the  ac- 

companying  increase  in  the  molecular  weight of the  propulsive  fluid.  These 

calculations  are  described  in  detail   in.CAL  Report   AD-1  689-A-5. 
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A1 

Although  the  addition of catalysts  was  not  found  to  significantly  increase 

the  specific  impulse,  it   was  later  shown  that  for  the  same  specific  impulse,  the 

catalyzed  hydrogen  propellant  offered a possible  saving  in  tankage  volume,  and 

hence  structural   weight.   This  feature of the  research  was  published as  a technical 

note  in  the AIAA Journal.  A2 

An  outgrowth of this  work  and  other  programs  related  to  nonequilibrium 

flow  properties  was  the  development of a computer  program  to  solve  quasi-one- 

dimensional,  inviscid  expansions of react ing  gas   mixtures .   This   program is 

designed  to  handle  up  to 20  chemical  species  and 64 reactions  and,  in  addition, 

allows  for  vibrational  and  electronic  excitation.  The  details of this  computer  code 

and  the  many  options  which  are  available  are  given  in  CAL  Report  AD-1689-A-6. A 3  
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11. EXPERIMENTAL  STUDIES O F  NONEQUILIBRIUM  NOZZLE FLOWS 

To calculate  the  f low  occurring  in a rocket  nozzle  or  other  hypersonic 

environment, it is necessary  to  couple  the  pertinent  reaction  rate  expressions  with 

the  gasdynamic  equations.   The  success of these  calculations is cri t ically  dependent 

on  the  accuracy of the  rate  expressions  used  for  equilibration of vibration,  dis-  

sociation,  ionization,  etc.  While  many of these  react ion  mechanisms  had  been 

studied  behind  shock  waves,  few  measurements  had  been  made  directly  in  an 

expanding  flow. 

Under  this  contract   several   experimental   studies  were  made of the 

nonequilibrium  conditions  occurring  in a nozzle-flow  environment.  In  the  first 

such  study  the  measurement of static  pressure  distributions  along  the  nozzle 

wal l   was  used  to   determine  the  departure   f rom  equi l ibr ium  due  to   f reezing of 

atomic  concentrations  in  gas  flows of i n t e r e ~ t . * ~ F o r   t h i s   p u r p o s e  a hydrogen- 

argon  test   gas  mixture  was  processed  in a shock  tube  by  incident  and  reflected 

shock  waves  and  the  high-temperature  high-pressure  gas  behind  the  reflected 

shock  wave  served  as a r e se rvo i r   fo r  a steady-flow  expansion  in a supersonic 

nozzle  attached  to  the  end of the  shock  tube. 

The  resul t  of these  experiments  was  that   freezing of the  hydrogen  atom 

concentration  was  observed  to  have a measurable  effect   on  the  pressure  distribu- 

tion. An estimate of the  recombination  rate  constant  for  hydrogen  atoms  was 

obtained  f rom  these  pressure  measurements .   These  experiments ,   the   resul ts  

and  the  conclusions,  are  described  in  detail  in  CALReportNo.  AD-1689-A-4 

and as  a technical  note  in  the AIAA Journal.  

A4 

A 5  

Although  these  experimental  studies  were  successful  they  pointed  out 

the  need  for a diagnostic  technique  which  was  more  sensit ive  to  f low  chemistry.  
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For  this   purpose,   under   other   sponsorship,   the   technique of l i ne - r eve r sa l  

spectrophotometry  was  developed  for   vibrat ional   temperature   measurements  

in  supersonic  nozzle  flows. 
2 

This  technique  was  then  used  to  monitor  flows  containing a i r  species  

which  are  important  in  propulsion.  Thus,   the  excitation  temperature of sodium 

which  was  added  to  argon  and 1% N2 in  argon  was  examined  in  nozzle  expansion 

f lows.A6  For   pure  argon  the  measured  sodium  temperatures   were  considerably 

in   excess  of the  local  translational  temperature.   This  high  temperature  was 

in te rpre ted   in   t e rms  of the  excitation of sodium  by  free  electrons  which  were 

present  in  the  flow  and  whose  energy  was  frozen  at  values  corresponding  to  the 

throat  conditions.   For 1% N in   a rgon   the   measured   sodium  tempera tures   were  

shown  to  be  lower  than  in  pure  argon  and  to  correspond  to  the  frozen N2 vibra-  

2 

t ional   temperatures   expected  on  the  basis  of previous  results.  L The  temperature  

of the  electrons,   which  were  st i l l   present,   was  interpreted  to  be  coupled  to  the 

vibrat ional   temperature  of the N molecule. 2 

These  measurements  of free-electron  and  coupled N2 vibrational 

A6 
tempera tures   a re   descr ibed   in   de ta i l   in   the   Journa l  of Chemical  Physics.  

This  study  led  to  further  investigation of the  energy  coupling  between  electrons 

and  molecular  vibration,  and  thermally  averaged  probabilities  for  electron  de- 

excitation  by  the  first  vibrational  level of N2 w e r e   ~ a l c u l a t e d . ~ ~  This  work  was 

also  reported  in  the  Journal of Chemical   Physics .  A7 

At   this   t ime  there   were  several   reports   in   the  l i terature  2 - 8  

that   the  vibrational  relaxation of N proceeded  faster  in  an  expansion  f low  than 

would  be  predicted by the  Landau-Teller  relaxation  equation  using  the  rates 

obtained  behind  shock  waves. A possible  explanation  was  that   impurit ies  and/or 

2 
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electrons  which  might  be  present  in  the  gas  could  enhance  the  relaxation  process 

and  hence  might ais0 be  important as catalysts   for   recombinat ion.   For   this  

r e a s o n  a brief  study  was  made of the  effect of impuri t ies   such as 02, C02 ,   H20  

and  C2H2  on  the  vibrational  relaxation of N in  nozzle  expansion  flows.  This 

study  established  that  when  concentrations of these  impuri t ies  3 10  ppm  were 

2 
3 

added  to  the  test   gas,   lower N v ibra t iona l   t empera tures   were   measured .   These  

concent ra t ions   were   cons iderably   g rea te r   than   the   es t imated   impur i ty   conten t  

2 

of the  tes t   gas   used  but   i t   should  be  emphasized  that   the   possible   effect  of impuri t ies  

in  concentrations  less  than  100  ppm  was  not  established. A note  describing  the 

r e su l t s  of this  work  was  published  in  the  Journal of Chemical  Physics.  A8 

The  lack of a satisfactory  explanation  for  the  faster  observed  relaxa- 

t ion  ra tes  of N in  the  nozzle  flow  environment  prompted a more   d i r ec t   measu re -  

ment of the  vibrational  temperatures  in  expanding  flows. A further  question of 

interest   was  whether  N was  peculiar  in  exhibiting  this  difference  in  relaxation 

rates   in   the two  environments. 

2 

2 

These  queries  lead  to  the  extension of the  sodium  l ine-reversal   technique 

to  use  the  fundamental,  infrared  vibration-rotation  band  (without  the  need  for 

thermometric  additives) of infrared-active  molecules.  This  technique,called 

band-reversal   spectroscopy,was  used  to  measure  the  vibrational  relaxation of 

CO in  both  shock-wave  and  nozzle-flow  environments  where  the  test  gas  was  either 

pure  CO  or 570 CO in  argon.   Sodium  l ine-reversal   measurements   were  a lso 

made  in   each  environment   and  these  resul ts   agreed  wel l   wi th   the  infrared  band-  

reversal   measurements;   behind  shock  waves  the  resul ts   obtained by  both  techniques 

compared  wel l   wi th   previous  measurements  of CO relaxation  by  other  investigators. 

The  resul ts  of the  nozzle  flow  studies  indicate  that  for CO as well a s  N2 the 

. 
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vibrational  relaxation rates are  considerably  faster  than  in  shock  waye  f lows. 

Th i s   r e sea rch  is repor ted   in   de ta i l   in  a CAL  repor tA9  and   in   the   journa l  of 

Chemical   Physics ,  A1 0 

Following  the CO relaxation  studies  band-reversal   spectroscopy  was 

used  to   measure  the  vibrat ional   re laxat ion of C02  in  both  shock-wave  and 

nozzle-expansion  f lows  by  monitoring  the  vibrational  temperature of the d3 

asymmetric  stretching  mode. 

The  vibrational  relaxation  t ime  for  C02,  and  for  C02  diluted  in  other 

gases ,   has   been  measured  a t   room  temperature   by  several   techniques.  

However ,   a t   e levated  temperatures   there   are   few  measurements ,and  above  1500°K 

the re  is only  one  measurement,   which  was  in  pure  COz.  This  measure- 

ment  showed  that  the  vibrational  relaxation  time  was  less  than 1 ksecond  at  

1 atmosphere  and  decreased by approximately a factor of 2 between  1500"Kand 

3000°K.  In  the  present  study,  apparatus  limitations  prevented  the  measurement 

of these  short  relaxation  times.  However,  dilution of C02  wi th  90% argon  slowed 

the  relaxation  process  sufficiently  to  al low  relaxation  measurements  to  be  made 

behind  incident  shock  waves.  These  data  were  obtained  in  the  temperature  range 

1500°K to 2500°K  and  are  shown  in  Figure 1. Also  shown  are  the  f i ts   to  the 

experimental   data  for  pure C 0 2  suggested  by  Camac  and  by  Carnevale,  Carey 

and  Larson  (CCL).  To  obtain  the  vibrational  relaxation  t ime  for  C02  infinitely 

dilute  in  argon, reo,- A r  , f rom  the   p resent   measurements  a value  for  pure CO 

relaxation  time, ZcOz - coz , was  required.   Assuming  Camac's  value  for Tcoz- coz 

i t   was  found  that  Zco, - Ar / ZcOz- coz % 5.5 while  taking  the  CCL  data  it  was 

found  that rCOz-nr /ZCa,-Co, 4.5 . Measurements'  suggest  that  this 

ra t io  is about  seven a t  room temperature .  
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Figure 1 V IBRATIONAL  RELAXATION  T IMES FOR 10% C 0 2   I N  ARGON 
BEHIND  lNCl   DENT SHOCK WAVES 



In  the  supersonic  nozzle  expansion of the  gas  behind  the  reflected  shock, 

the  ra te  of cooling is determined  by the molecular  weight  and  the  ratio of the 

specific  heats, 4, of the  expanding  gas.   For  pure C 0 2  ( / = 1.  32)  the  gas  cools 

rather  slowly.  This  effect ,   coupled  with  the  rapid  vibrational  relaxation of C 0 2 ,  

allows  the  vibrational  temperature of C 0 2  to  remain  in  equilibrium  with  the 

t rans la t iona l   t empera ture   except   a t   very   low  reservoi r   p ressures  ( 4 1 atm). 

Reservoir   pressures   in   this   range  cannot   readi ly   be  produced  in   the  exis t ing 

facilities  and  hence  the  relaxation of pure CO in  expanding  flows  was  not  studied. 2 

Dilution of C 0 2  with  argon  does  not  greatly  affect   the  molecular  weight 

of the  gas,   but  increases f substantially,thus  providing  much  faster  cooling 

rates   a t   h igh  di lut ions.  A s  a re su l t  a departure   f rom  equi l ibr ium  and  subsequent  

vibrat ional   f reezing  can  be  expected  for   a t ta inable   reservoir   pressures .   Measure-  

ments  have  been  made  in  expanding  flows  at a local- to- throat   area  ra t io  (A/**) 

of eight  in  gas  mixtures  whose  init ial   composition  was 10 7' C 0 2  in  argon.  The 

reservoi r   t empera ture   and   pressures   were   in   the   ranges   3000°K - 3900°K  and 

6 - 20 a tmospheres .  

With  the  band-reversal   technique,  vibrational  temperatures  which  l ie 

within  approximately  500°K of the  temperature  of the  background  radiation  source 

c a n  be measured.   For   the  radiat ion  source  used,   th is   temperature   range  was 

approximate  ly  900°K - 1900°K.  In  the  present  experiments,   nozzle  vibrational 

t empera tu res  7,. in  the  range  900°K - 1300°K  were  measured  a t  AIA* = 8 i n  

gases   whose  reservoir   condi t ions  are   given  above.   At   lower   reservoir   temperatures  

the  vibrational  temperature is too  low  to   be  measured,   and  a t   h igher   reservoir  

temperatures  the C 0 2  is a lmost   completely  dissociated  in   the  reservoir .   In  

addition,  application of Bray 's   f reezing  cr i ter ion  indicates   that   chemistry  in   the 

nozzle is essent ia l ly   f rozen  a t   the   reservoir   condi t ions  and  hence  the C 0 2  is  

12  
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not  regenerated.   This  was  taken  into  account  in  computing  the  properties of 

the  expanding  f low  since  the  temperatures  for  chemically  frozen  f low  are  some- 

what  lower  than  equilibrium  temperatures  and  hence  lower  nozzle  vibrational 

tempera tures   a re   p red ic ted .  

In   Figure 2 the  f rozen-f low  t ranslat ional   temperature   dis t r ibut ion 

along  the  nozzle  axis is shown  for 10 70 C 0 2   i n   a r g o n  ( r = O ) .  In  addition,  the 

vibrat ional   temperatures   predicted  by  the  Landav-Tel ler   re laxat ion  model   by 

assuming  the  shock  tube  vibrational  relaxation  time ( =Z, ) and  one  tenth  the 

shock  tube  relaxation ( 0.1 r, ) a r e  shown.  The  data  are  for  the  reservoir 

conditions  indicated  and  suggest  that  the  C02  relaxes  in  an  expanding  flow  at 

a rate  similar  to  the  measured  shock  tube  relaxation  rate.   This  is   in  contrast  

to  the  results  previously  reported  for  CO A9' and N2 which  were  found 

to   re lax  more  rapidly  in   expansion  f lows  than  in   shock  wave  f lows.  

2-8 

However,  it   should  be  noted  that  the  kinetic  processes  do  not  simply 

involve a mixture  of CO in  argon.  Carbon  monoxide  and  oxygen  molecules 

a s   we l l  as oxygen  a toms  are   present   in   s ignif icant   amounts  (50  70 of the CO 

is dissociated  a t  3300°K and 6 atmospheres)  and  can  allow  relaxation  to  occur 

by several   possible  mechanisms  whose  net   effect  is unknown. 

2 

2 

The  data  for 10 70 C02  in   argon  are   shown  in   Figure 3 as a function 

of reservoir   temperature .   The  experimental   data   have  been  normalized  to  a 

r e fe rence   r e se rvo i r   p re s su re  of 10 atmospheres.   The  curves  labeled x = z, 
and = 0.3 r ,  represent   the  vibrat ional   temperatures   expected on the  basis of 

the  Landau-Teller  relaxation  model if the  measured  shock-tube  relaxation  t ime 

( 1, ) and  three-tenths  this  time  apply  to  relaxation  in  expansion-flow  environ- 

ments .   The   da ta   a re   seen   to  fall between  these  curves   and  are   interpreted 

as suggest ing  that   C02  in   C02  argon  mixtures   re laxes   a t   approximately  the  same 

rate  in  shock-wave  and  in  expansion-flow  environments. 

9 



1 .o 

0.8 

0.6 

O. 4 

0.2 

1 

10% C O  I N  ARGON 
To = 3300°K 
Po = 6 atrn 

I I 1 1 1 1 1 I 1 
.o 2.0 4. 0 6.0 8.0 

N O Z Z L E   A R E A   R A T I O   A / A *  

F i g u r e  2 VIBRATIONAL  TEMPERATURE/RESERVO IR TEMPERATURE (T,/T,) AS A FUNCTION 
OF NOZZLE AREA RATIO.  0 - EXPERIMENTAL  DATA;  CURVES SHOW THE  VALUES 
OF T,/T, PREDICTED BY THE  LANDAU-TELLER  RELAXATION THEORY FOR Z = Z,, 
r= 0.1 rs AND Z= 0 

10 



0.5 

0.4 

0.3 

k0 

I-' 
\ 

0.2 

0.1 

0 

10% C02 I N  ARGON 
A/A" = 8 

P o  = IO atm 

Z= 0.3 .t-, 

z= 0 

1 1 1 1 1 1 1 1 1 1 1 
3000 3400 3800 

RESERVOIR  TEMPERATURE To ( O K )  

F i gure 3 V I BRATI ONAL TEMPERATURE/RFSERVO I R TFMPFRATURF  (T,/T,) AS A FUNCTION 
OF RESERVOIR  TEMFFRATURE. X - EXPERIMENTAL  DATA;  CURVES SHOW THE  VALUES 
OF T,/T,  PREDICTED BY THE  LANDAU-TELLER  RELAXATI CN THEORY FOR 7?= rs, 
r= 0.3 rs AND r= 0. 

11 



111. DISSOCIATION  KINETICS  BEHIND SHOCK WAVES 

Throughout  this  contract ,   work  was  also  directed  to  resolving 

the  dissociation  kinetics of simple  molecules of interest   in  propulsion.  These 

studies  have  centered  around  the  technique of atomic  resonance  absorption 

spectrophotometry  which  was  adapted  under  this  contract  to  be  suitable  for 

making  t ransient   measurements  of atomic  concentrations  in  the  nonequilibrium 

region  behind  shock  waves. 

The  init ial   emphasis  was  toward  obtaining  more  accurate  rate - 
constant   measurements   for   hydrogen  dissociat ion  and  to   determining  the  effect  

of catalytic  additives  on  the  dissociation  process.  To  this  end  much of the   ear ly  

work  was  directed  toward  the  development of a continuously  operating  radiation 

source  which  would  generate  the  desired  atomic  radiation  with  sufficient 

intensity  for  shock  wave  absorption  studies. 

This  initial  development of a vacuum  ultraviolet  light  source  and  the 

feasibil i ty of the  technique  for  monitoring  hydrogen  atoms  by  their  absorption 

at   the  Lyman cc wavelength  (1215.7  A) is descr ibed  in   considerable   detai l   in  

CAL  Report  No. AD-1689-A-3.A11A  note  describing  these  initial  results  was 

0 

published  in  the  Journal of Chemical  Physics.  A 12 

One of the   resu l t s  of the  investigation  was  that  the  sensitivity of this 

technique  required  the  construction of a shock  tube  facility  in  which  the  purity 

of the  test-gas  mixture  could  be  maintained  within a few  par ts   per   mil l ion.  

Such a facility  was  built  with  CAL  funding  and  was  used  for  the  subsequent 

dissociation  studies  under  this  contract.  With  this  facility  the  dissociation  rate 

constants  for  hydrogen  with  argon  and  hydrogen  as  coll ision  partners  were 

determined.  In  addition,  the  catalytic  effect of small amounts of oxygen  was 

12 



This  work  was  extended  to  include a direct   experimental   determinat ion 

of the  hydrogen  atom  absorption  coefficient.  These  data  were  used  to  obtain 

more  accurate   ra te   constants   for   hydrogen  dissociat ion  and  the  effect  of added 

oxygen.  These  results  are  published  in  the  Journal of Chemical  Physics.  A14 

Following  the  completion of the  hydrogen  atom  studies  this  technique 

was  used  to  monitor  oxygen  atom  formation  rates  behind  shock  waves  in  oxygen, 

nitric  oxide  and  carbon  dioxide.  The  oxygen  atoms  were  monitored  by  their 

absorption  at   the  oxygen  resonance  tr iplet   near 1300 A which  was  generated  by 

R F  excitation of He/O  gas  mixtures  in  the  radiation  source.   The  absorption 

coefficient  at  this  wavelength  was  determined  experimentally. 

0 

2 

For  oxygen-argon  mixtures  the  observed  rate of a tom  formation  has  

allowed a determination of the  dissociation  rate  constant  for  oxygen  in  argon. 

In  addition  it  was  found  that  this  technique  was  ideally  suited  to  making 

measurements  of vibration-  dissociation  coupling.  The  induction  time  for 

establishing  steady  atom  formation  rates  was  measured  and  compared  with 

previously  measured13  and  predicted14  induction  times  for  the  oxygen-argon 

system.  The  present  measurements  indicate  induction  t imes  considerably 

longer  than  predicted  and  may  provide a basis   for   improvements  to be  made  in 

the  theoretical   models  used  to  describe  vibration-dissociation  coupling. 14 

These   measurements  of dissociation  and  vibration-dissociation  coupling 

in  oxygen  are  documented  in  CAL  Report  No. AD-  1689-A-qA15and i n  a paper  which 

has  been  accepted  for  publication  in  the  Journal of Chemical  Physics.  AI 6 

13 



Following  the  completion of the  study of the  oxygen-argon  system, 

attention  was  focused  on  other  systems  which  produced  oxygen  atoms  upon 

dissociation, i. e. C 0 2  and NO. In  these  systems  the  oxygen  atoms  take  part  

in  additional  reactions  which  complicate  the  kinetic  mechanism  for  atom 

production.  The  data  obtained  for  these  two  systems  will   now  be  presented 

and  discussed. 

CO, - Argon 

The  simple  dissociation of CO, proceeds via 

co2 

but  in  the  presence of C 0 2 ,  

co2 

and  the  oxygen  produced  in 

O2 + 

L 

t M-CO t 0 t M 

atomic  oxygen  reacts   fur ther   by 

t o---+co t o2 

reaction 2 dissociates  by 

M " , O t O + M  

1. 

2. 

3. 

The  rate of a tom  formation is thus a function of three  concurrent   react ions.  

In  the  test   t ime of the  present  experiments  the  amount of O2 fo rmed  by 

reaction 2 is small   compared  with  the C 0 2  present.  Hence,  since C 0 2  and O2 

have  similar  dissociation  energies,   reaction 3 can  be  ignored  in  the  data  analysis 

For  the  oxygen  atom  concentration  required  for  measurable  absorption  at  1300 A,  

reaction 2 becomes  less   important  as the C 0 2  concentration is reduced. 

Approximate  calculations  indicated  that  for  the  conditions of the  present 

experiments  reaction 2 should  become  unimportant  when  the C 0 2  concentra- 

tion is  reduced  below 1% C 0 2  in  argon. 

0 

14 



In   F igure  1 the   oxygen  a tom  formation  ra tes   f rom  mixtures  of 1 $6 and 0. 1 70 

CO in   a rgon  are shown.  The  data a r e   p r e s e n t e d  as 7$d = (dm / d  t) /fCO,J fM1 

where & becomes  the  dissociat ion  ra te   constant   for  C 0 2  when  reaction 2 is 

unimportant. 

2 

In   t he   t empera tu re   r ange  3500°K - 6000°K  the  data  presented  clearly 

indicate a higher  value of 4, (and a higher  activation  energy)  for  lower C 0 2  

concentration.  The 4d fo r  0. 1 70 C 0 2  in   argon  can  be  compared  with  the  resul ts  

of Davies 15' 16who  obtained  three  different  sets of rate cons tan ts   for   reac t ion  1 as 

he  monitored  different  types of radiat ion  f rom CO and C02. For   example ,  

a t  5550°K the jqd in  the  present  work is approximately  twice  that  found  by 

Davies  in UV radiation  studies of the CO flame  bands15but  about  one  half of the 

value  he  obtained  from  infrared  measurements of COz emiss ion  at k. 7 p o r  

4. 3 p. l 6  The  apparent  activation  energy of the  present   resul ts-  81, 000 cal .  

mole is to  be  compared  with  the  values of - 86, 000 cal .   mole  f rom uu 

and- 7 3 ,  000 cal. mole - '   f rom r found  by  Davies. 

- 1  -1 

The  present   resul ts   are   insuff ic ient   to   determine  whether   the  data   for  

0. 1% C 0 2  in   argon  are   indicat ive  only of the  dissociation  process.   However,  

since  the  ratio of oxygen  atoms  to  argon  atoms is 4 10  these  data  indicate 

that az/*, 10 in   the  temperature   range  invest igated.  

-4  

4 

Dissociation of C 0 2  to  give  ground  state  oxygen  atoms, 0 (3P ), is 

spin  forbidden  and  would  thus  be  expected  to  be a slow  process.   The  spin 

al lowed  process  

eo, ( '2 --b Cot,?.) + O ( ' D )  4. 

,, is more  probable  but  requires  considerably  more  energy  than  dissociation  to 

0 ( '/' ). In  addition,  since  the  concentration of 0 (3P ) is the  measured  quantity, 

15 
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the  deactivation of 0 ( D ) to 0 ( ’ p  ) would  have  to be considerably faster than 

the  dissociat ion  process   for   the  present   technique  to   measure  the  dissociat ion 

rate.  In  collisions  with  argon  the  known  deactivation  rate  for 0 ( ‘D ) is  too 

slowl7  to  allow  this  interpretation.  Although C 0 2  is more  efficient  for  deactivating 

0 ( ‘D  ) t h e r e  is considerable  controversy  about  the  magnitude of the  rate, 

thus   p revent ing   an   assessment  of the  effect of the C 0 2  present .  

1 

17 

The  present   resul ts   for  0. 1% C 0 2  in  argon,  which  suggest a low 

activation  energy  and  an  apparent  rate  constant  comparable  to  that  of Davies, 

seem  to   suggest   that   d issociat ion  occurs   to   ground  s ta te   products   and  that   spin 

conservation  rules  are  unimportant  in C 0 2  dissociation. 

NO - Argon 

Determinations of the  ra te  of oxygen  atom  formation  behind  shock  waves 

in  mixtures of 1070, 1%  and 0. 1% NO in  argon  have  been  made  in   the  temperature  

range 3000°K to  7200°K.  Under  these  conditions,  the  dissociation of NO and  the 

subsequent  reactions of the  products  should  proceed  by  the  following  mechanism: 

N O t A r ” b N t O + A r  5. 

NO t N”+ N2 t 0 6. 

NO t O ” b 0 2  t N 7. 

The  rate of oxygen  atom  formation is thus a function of the  ra tes  of these 

reactions.  At  high  concentrations of NO the  reaction 

NO t NO 4 N 2 0  t 0 8.  

,, may  also  contribute  to  oxygen  atom  formation. 

The  ra te   constants   for   a tom  formation  def ined a s  lSd = ( d c o ~ / d t ) / N O ) l A t - j  

1! the *d obtained  for IO%, 1%  and 0. 1% NO in  argon,   are   shown  in   Fig.  5. In 

the  temperature   range 5000°K - 7000°K  there is  a def ini te   increase  in  & as  the 

17 
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NO concentration is decreased,   but   the   considerable   scat ter   among  the  data  

especial ly   a t   the   higher  NO concentrations  prevents  meaningful  interpretation 

i n   t e r m s  of the  reactions  discussed  above.  The 4, obtained  for 0. 1% NO in 

argon  agree  closely  with  the  recent  data of Camac  and  Feinberg18  for  the 

dissociation of NO, which  suggests  that, at this  concentration of NO, the  t rue 

NO dissociation  rate is direct ly   given  by  the  ra te  of appearance of oxygen  atoms. 

However ,   the   present   data   are   too  few  to   a l low a rel iable   es t imate  of the  ra te  

constant   expression  for   this   process .  

While  the  work  on  the  dissociation of C 0 2  and NO was   in   p rogress  

the  emphasis of the  program  was  redirected  toward  react ions of interest   to 

chemical   laser   systems.   Thus,   these  phases  of the  contract   were  terminated 

before   they  were  complete   and  the  resul ts   descr ibed  above  are   not   publ ished 

elsewhere.  

With the  current   emphasis  on chemica l   l a se r s   i t   was  of importance  that 

atomic  absorption  spectroscopy  was  ideally  suited  to  studying  reactions  such as  

and 

c1 + HBr 4 HC1 + B r  

C1 + HI 4 H C 1  + I 

9 .  

10. 

Both of these  reactions  are  exothermic  and  produce  vibrationally  excited HC1. 

The  second  reaction is the  basis of the  most  powerful HC1 l a s e r  known  to  date. 

In  both of t hese   ca ses ,  a s  with  HF  lasers,   the  atom  concentration is an  essent ia l  

a spec t  of the  inversion  mechanism. 

19 

2 0  

In order  to  study  these  reactions  by  the  resonance  absorption of the 

atoms  i t   was  necessary to  produce a source  which  emitted  the  required  radiation, 

to  determine  experimentally  the  atomic  absorption  coefficient,   and  to  test   the 

technique  on a simple  reaction  mechanism. A convenient  system  was  the 

dissociation of HBr  diluted  in  argon. 

19 



0 0 

It was found  that   bromine-atom  transit ions  between  1480 A and  1640 A 

were  emitted  when a flow of a few  percent  HBr  in  helium  was  excited  in  the  vacuum 

ultraviolet   l ight  source  previously  describedA"  The  radiation  at   1580  was 

measurements   reported  here ,   the   bandpass  of the  monochromator (16 A )  

included  all   three  transit ions  and  thus  atoms  in  both  the P,,2 and 'P: l2  

states  absorb  radiation  in  this  wavelength  region. 

L O  

Emission  corresponding  to  transit ions  to  the P,; l eve l   a re   observed  P 

in  the  nonequilibrium  environment of the  light  source.  However,  for  the  shock 

wave  environment  this  level is unlikely  to  exceed  its  equilibrium  population. 

Since  this  level  lies  3685  cm  above  the  ground  state,  less  than  12% of the 

Br   a toms  a re   in   the  'PI,: level   for   the  temperatures  of in te res t   here .  

- 1  

0 

To  determine  the  absorption  coefficient of B r   a t o m s   a t  1580 A, 

the  absorption by known Br  atom  concentrations,   produced  in  the  equilibrium 

region  behind  incident  shock  waves,  was  measured.  The  atom  concentrations 

were  prepared  by  shock  heating  gas  mixtures of - 2 0 0  ppm  HBr  or  CH3Br  in 

argon  to  temperatures  in  the  range 2150 OK to 4 0 0 0 ° K .  Under  these  conditions 

complete  dissociation  occurs  during  the  available  test-time  and a steady  bromine 

absorption  level is obtained.  The  absorption  coefficient is  determined by 

using  Beer 's   Law  and  the known bromine  atom  concentration. 

Figure 6 shows the  measured  absorption  coefficients K, as  a function 

of gas  temperature.   The  values  obtained  are  essentially  temperature  independent 

up to 3 0 0 0 ° K  and  increase  with  temperature  above  this  point.  The  transitions 

from  the zp;z level  have  somewhat  larger  absorption  coefficients  than  that  from 

the 'f372 level.  However,  the  increase  in  population  in  the 'PP/, level  with 

temperature  is  not  sufficient  to  explain  the  observed  temperature  dependence. 
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From  the  given  re la t ive  intensi t ies  of the  transit ions  the  overall   absorption 

coefiicient  should rise by approximately  10%  in  the  interval  2000°K  to  4000"K, 

as is indicated  by  the  broken  line  in  Figure 6 .  

While  considering  this  temperature  dependence of the  absorption 

coefficient  it  is noted  that  in  general  the  data  below  3000°K  were  obtained  with 

CH3Br-Ar  mixtures  while  the  higher-temperature  data  were  obtained  with  HBr-Ar 

mixtures .   For   the  tes t - t ime  avai lable ,   HBr  was  completely  dissociated  a t  

temperatures   3000°K.  At lower   t empera tures  CH Br   was   used   to   ensure  

that  complete  dissociation  was  attained  within  the  test-time.  There is  no 

apparent   reason  for   the two gases  to  lead  to  different  absorption  coefficients 

for  the  bromine  atom. 

3 

The  dissociation of HBr  in  argon  proceeds by 

HBr t A r  2 H t B r  t A r  11.  

which  may  be  followed  by  the  reactions 

H t HBr 4 H2 t B r  12. 

B r  t HBr "b B r 2  t H 13. 

B r 2  t Ar  4 2Br t A r  14. 

H 2  t Ar  + 2H t A r  15. 

As  will  be  shown  later,  the  data  indicate  that  reactions  12  and  15  are 

occurring.  The small bromine  atom  concentration  and  the  endothermicity of 

reaction  13  makes  this  reaction  unimportant  during  the  test   t ime of the 

present  experiments.  

Thus 

16. 
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and  before  an  appreciable H2 population  builds  up 

d ( H ) / d t  = ( H B r ) ( A r )  - + , , ( H ) ( H B r )  17. 

Measurements of the  bromine  atom  formation  rate  have  been  made  throughout 

the  temperature   range 1750'K  to  4000.K for   mixtures  of 1% and 0. 15'7'0 HBr 

in  argon  at   shocked  gas  pressures  in  the  range 0. 3 - 1. 0 atmospheres.  Hydrogen 

atom  formation  ra tes   have  been  measured  a t  a few  temperatures   in   this   range 

and  have  been  found  to  be  about 10% of the  bromine  a tom  formation  ra te .  

Thus  to a first   approximation 

d B r / d t  2 S,, ( H B r ) ( R r )  18. 

The  values of the  dissociation  rate  constant *,, obtained  from  the  bromine 

atom  formation  ra tes   via   equat ion  18  are   given  in   Figure 7. In  the  data  reduction 

the  absorption  coefficients  given  by  the  solid  line  in  Figure 6 were  used.  The 

line  through  the  data  in  Figure. 7 corresponds  to a dissociation  rate  constant 

given  by 

a,, = 9.5 x 10'' ey3 I -  5 0 , 5 0 O / R T )  c m  mofe dec 
3 - 1  - /  

The  activation  energy is to be  compared  with  the  bond  dissociation  energy of 

86 kcal  mole . - 1  

Also shown  in  Figure 7 are  the  dissociation  rate  constants  for HC1 , 

in  argon"  and  HF  in  argon. 2 2  For  these  hydrogen  hal ides   the  measured 

activation  energies  are - 75 kcal  mole  and  108  kcal  mole  which  are 

also  lower  than  their   dissociation  energies of 102 kcal  mole  and 134 

kcal  mole . 

I -1  -1  

-1  

- 1  

Returning  to  the  hydrogen  atom  formation  rates,  it is noted  that 

Equ. 17  predicts  that  the  hydrogen  atom  concentration  should  eventually 

reach a steady  state.  Although  the  rate of formation of this  atom  was  observed 
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to   decrease  f rom  i ts   in i t ia l   value,a   s teady  s ta te  is not  observed  but a lower  constant 

appearance  ra te  is attained.  This  phenomenon  suggests  that  the  dissociation 

of hydrogen,  produced  in  reaction 12, is now  contributing  to  hydrogen  atom  formation 

by  reaction 15. Calculation of the  extent of reactions 12 and  15  confirms  that 

this  interpretation  provides a reasonable  explanation  for  the  observed  t ime 

dependence of the  hydrogen  atom  concentration.  Since  the  rate  constants  for 

reactions 11  and 15 a r e  known,  direct  integration of the  hydrogen  atom  concen- 

tration  produced  in  reactions 11, 12and  15  would  allow  the  rate  constant  for 

reaction 12  and  i ts   temperature  dependence to  be  evaluated.  This  has not been 

at tempted  as   insuff ic ient   data   are   avai lable   a t   th is   t ime.   However ,   wi th   the 

available  data  it   is  possible  to  place  in  the  range 10" - 1 0 1 3  cm  mole  

sec  which is to be  compared  with  the  value 6 x 1012  cm3  mole   sec  

at 500'K used by others.  

3 - 1  

- 1   - 1  -1 

23 

In  conclusion,  it  has  been  shown  that  the  technique of atomic  resonance 

spectrophotometry is a sensitive  method  for  examining  kinetic  processes 

involving  atoms.  In  particular,  the  high  sensitivity  to  atoms  allows  reaction 

schemes  to  be  studied  at  early  times  in  dilute  systems  where  the  atom 

concentrations  are  small .   In  dissociation  measurements  this  feature  permits 

the  unambiguous  determination of the  efficiency of a single  collision  partner. 

In  more  complex  kinetic  schemes  this  advantage  allows  primary  and  secondary 

reactions  to  be  investigated  individually. 
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ADDENDUM 

During  the  f inal   stages of the  preparation of this   report ,  a publication 

entitled,  "The  Dissociation of HBr  in  Shock  Waves' '   by R. R. Geidt, N. Cohen 

and T. A.  Jacobs24  was  received.  These  authors  measured  the  rate of 

dissociation of HBr  by its absorption of radiat ion  a t  2350 A and  by  i ts   infra- 

red   emiss ion   near  4p. The  rate  constant  expression  reported by these  authors  

for  dissociation of HBr  in  argon is 

0 

= 1. 55 X exp (-50, 000/RT)  cm  mole  sec 3 - 1  - 1  
kHBr  -Ar 

This   resul t  is in  excellent  agreement  with  the  present  data  and  was  obtained 

for   the  same  temperature   range.  

26 
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APPENDIX 

In  this  section a l ist ing is given of the  reports   and  papers   prepared 

under  Contract  NASr-109.  The  abstracts of these  publications  are  given. 

REPORTS ISSUED 

A.  1 Catalysis of Hydrogen  Atom  Recombination  in  Rocket  Nozzles, 

J. A. Lordi  and R. E. Mates,   CAL  Report  No. AD-1  689-A-5,  July 1965. 

Abs t rac t  

The  use of gas-phase  catalysis   has   previously  been  suggested a s  a means  
of enhancing  hydrogen-atom  recombination  and  hence  the  performance of nuclear 
or   e lectr ical ly   powered  rocket   engines .   In   an  ear l ier   s tudy  the  use of carbon 
addition  was  examined  by  obtaining  numerical  solutions  for  nonequilibrium 
expansions of carbon-seeded  hydrogen. In the  present  study  the  use of oxygen 
and  an  oxygen-nitrogen  mixture as  catalysts  has  been  examined.  The  results of 
the  calculations  indicate, as  do  earlier  solutions  using  carbon  addition,  that  
gas-phase  catalysis   leads  to  a marginal  increase  in  specific  impulse.  In both 
instances  hydrogen-atom  recombination  was  significantly  enhanced,  but  the 
accompanying  increase  in  the  molecular  weight of the  f luid  led  to  sl ight  losses 
or  gains  in  specific  impulse  depending  on  the  reaction-rate  constants  employed 
for  the  catalytic  mechanisms. 

Both  the  results of the  present  studies  and  those of the  hydrogen-carbon 
sys t em a re  used  to   es tabl ish  the  minimum  requirements   which  an  addi t ive 
must  satisfy  to  yield a gain  in  specific  impulse.  An  expression is der ived  for  
a "catalytic  parameter"  which  gives  an  approximation  for  the  gain  in  Performance 
which  can  be  expected  for a given  additive.   Also,   the  results of both  studies 
show  that a significant  saving  in  tankage  weight  may  be  possible  despite  only 
marginal  gains  in  specific  impulse.  

A. 2 Possible  Weight  Saving f rom  Cata lys i s  of Recombination  in  Hydrogen 

Rockets,   J .A.  Lordi,   R. E. Mates  and A. Hertzberg,  ALAA J. - 6, 172 

(1968). 

A.  3 Computer  Program  for  the  Numerical  Solution of Nonequilibrium 

Expansions of Reacting  Gas  Mixtures, J. A. Lordi,  R. E. Mates  and 

J. R. Moselle,   CAL  Report  No. AD-1689-A-6,  October 1965. 
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A. 3 cont 'd .   Abstract  

This   repor t   descr ibes  a computer   program  developed a t  CAL  for   the  
numerical   solut ion of quasi-one-dimensional,   inviscid  expansions of reacting 
mixtures.   The  analytical   techniques  employed  and  results  obtained  using 
the program  have  been  previously  reported.  The  details of the  coding  and 
operation of the  program a re  d iscussed   in   th i s   repor t .   Program  cards   which '  
have  been  writ ten  in  FORTRAN IV language  for   use  on  an IBM 7044 computer  
a re   ava i l ab le  upon  request. 

The  computer   program  in   i ts   present   form is capable  of handling a 
ge~lel-al   gas  mixture,   including  up  to  20  chemical  species  and 64 react ions.  
The   spec ies   a re   assumed  to   undergo   v ibra t iona l  and electronic  excitation  in 
addition  to  coupled  chemical  reactions.  The  vibrational  and  electronic  degrees 
o f  frt:cdoln a re   assumed  to   remain   in   thermodynamic   equi l ibr ium  whi le   the  
c l ~ c ~ l ~ ~ i c a l   r e a c t i o n s   m a y   b e   a s s u m e d   t o   b e   e i t h e r   f r o z e n ,   i n   e q u i l i b r i u m ,   o r  
1 1 )  proceed  at   f inite  reaction  rates.   Additional  options  in  the  program a re  
pl'uvided for  treating  ionized  nozzle  f lows,  assuming  the  degree of vibra-  
t ional   exci ta t ion  to   be  f rozen  a t   the   reservoir   value,   or   including  the  effects  
of modera te   v i r ia l   imperfec t ions  on high-density  nozzle  flows. 

While  the  basic  program  computes  the  properties of an  expansion  f rom 
a n  equilibrium  reservoir  state  through a nozzle of specif ied  geometry,   modi-  
f ications of the  program  have  been  made  to   permit   specifying  the  s t ream- 
tube   p ressure   var ia t ion   ra ther   than   an   a rea   d i s t r ibu t ion   and   to   permi t  a 
fil>ite-velocity,  equilibrium  or  nonequilibrium  initial  state.  The  program 
cards   for   these  modif ied  vers ions of the   p rogram a r e  also  available  upon 
request .  

A .  -I k:xperimental  Studies of Chemical  Nonequilibriuln  in  Hydrogen  Nozzle 

F lows ,  A. L. Russo, J. G. Hall  and J. A. Lordi,   CAL  Report  No. AD-1689- 

A-4, June  1964. 

Abstract  

The  effects of f ini te   recombinat ion  ra tes  on the  flow of highly 
1.i1ssaiated  hydrogen  in  an  argon  bath  have  been  studied  in  supersonic 
nozzle  expansion  flows of shock  heated  H2/Ar  mixtures.  Nozzle-wall  static 
pressure  distributions  have  been  obtained  for  expansions  from a r e se rvo i r  
tempera ture  of 6 0 0 0 ° K  and   r e se rvo i r   p re s su res  of 28, 57 and 1 1 2  atm. The 
r l>easured  pressures   show a definite  departure  from  the  values  expected  for 
c:qluilibrium flow,  and  this is  interpreted  as   due  to   lag  in   H-atom  recombina-  
tion  during  the  flow  expansion.  Recombination  rate  constants  were  deter- 
mined  to  about a fac tor  of 2.  5 by  comparing  the  experimental   pressure 
data  with  exact  numerical  calculations.  The  mean  values of these   recom-  
bination  rate  constants  were  found  to  be  in  agreement  with  corresponding 
sate  constants  deduced  from  shock-wave  dissociation  results.  
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A .  5 Measurements  of Nonequilibrium  Static  Pressures  in  Nozzle  Flows of 

Dissociated  Hydrogen, A. L. Russo, J. G. Hall  and J. A. Lordi,  AIAA J. 

- 4, 741 ( 1  966). 

A .  6 Spectrum-Line  Reversal   Measurements  of Free-Electron  and  Coupled 

N2 Vibrat ional   Temperatures   in   Expansion  Flows,  I. R. Hurle  and 

A. L. Russo, J. Chem.  Phys; 43, 4434 (1965). 

Abstract  

Spectrum-l ine  reversal   measurelnents  of the  excitation  temperature of  Na 
a t o n l s  in  expansion  flows of shock-heated  Ar  and 1"/0 N2 t AI- mix tu res   a r e  
descr ibed.   The  measurements   were  made i n  a conical  nozzle  attached  to  the 
end t,f a conventional  shock  tube.  For  expansion  flows of pure A r  f rom  r e se rvo i r  
tempera tures  of 3200" to 4200°K and a r e se rvo i r   p re s su re  of about 37 a tm,  
the  nleasured Na t empera tu res  ( % 2 2 0 0 " K )  were  considerably  in  excess of the 
1oc:al-translational  temperature (5 400°K) .  These high  excitation  temperatures 
a re   in te rpre ted  in t e r m s  of the  excitation of Na by free  e lectrons  produced 
from  ionization of the Na in   the  reservoir .  On th is   bas i s ,   f ree-e lec t ron   tempera-  
tal-es  are  d,educed  which  indicate  freezing of the e lec t ron   thermal   energy   a t  
values  corresponding  to  those  expected  at   the  nozzle  throat.   This  result  
suggests a s low  ra te  of t r ans fe r  of electron  thermal  energy  to  the  Ar  transla- 
tional  mode. 

The  addition of 1% N2 to  the  Ar  expansions p-rodl1ced large  reductions 
! I /  Lite tlitl.l3[1red Na telnper-atul.es. ?'he rec1uct:d tzlnpt:l-atures  are  shown to 
c. ,)rrespond to the  frozen N2 vibrational  temperatl lres  expected  on  the  basis 
of previous  resul ts .   These  reduct ions  are   explained i n  t e r m s  of an  efficient 
t r ans fe r  of the   excess-electron  thermal   energy  to   the  NL  vibrat ional   mode,  
the free-electron  and N2 vibrational  temperatures  being  thereby  coupled 
and  equilibrated  during  the  expansion. 

The  present  results  also  substantiate  the  laster  vibrational  relaxation  rates 
in fer red   p rev ious ly   f rom similar expansion-flow  stlldies of pllre N2;  they 
iurtt ler   suggest  that   the  simple  Landau-Teller  rate  equation,  when  used  with 
relaxation  t imes  measured  in  shock-wave  f lows, is not  adequate  to  describe 
the  vibrational  relaxation  process  under  the  extreme  nonequilibrium  conditions 
associated  with  nozzle-expansion  flows. 

A. 7 On the   Thermal   Energy   Transfer   Between  Free   E lec t rons   and   Molecular  

Vibration, I. R. Hurle ,  3. Chem.  Phys. 4 1 ,  3592 (1964). 
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A. 7 cont 'd.   Abstract  

Thermally  averaged  probabili t ies  for  the  electron  de-excitation of the 
f i rs t   v ibrat ional   level   in  N2 are calculated  f rom  the  discrete   veloci ty-dependent  
col l is ion  cross   sect ions  measured  by  other   workers .   The  resul ts   are   presented 
for   the   e lec t ron   tempera ture   range  1000" to  5000°K.  Over  this  range  the 
probability is found  to  have  an  empirical  temperature  dependence of the   form 

a t  1000°K to  at  5000°K.  By  comparison,  the  corresponding  experimental 
probabili t ies  for  the  de-excitation of  N2 vibration  by  nitrogen  molecules  are 
10-8  at 1000°K and 3 x 10-4  at 5000°K. These  f igures  imply  that   in  some 
circumstances  an  electron  concentration of only 1 in 6 x IO3 could  do so  a t  
5000°K.  Exis t ing  spectrum-l ine  reversal   measurements  of N2 vibrational 
relaxation  carried  out  in  nozzle-expansion  flows  in  the  presence of small   amounts 
of easily  ionized Na and Cr  a toms  are   reviewed  in   the  l ight  of these  findings. 
It is  shown  that  the  electron  concentrations  in  these  experiments  were  too  low 
to  have  significantly  influenced  the  relaxation  measurements. 

RT - 1 . 8  exp(T"'), with A 1. 58 x The  probabili ty  increases  from  10-4 

The  relative  rates of degradation of electron  kinetic  energy  to  the  translational,  
rotational,  and  vibrational  modes of N2 are  considered  on  the  basis of the  above 
calculations.   From  these  considerations  i t   is   proposed  that   in  many  nonequilibrium 
molecular  systems  the  kinetic  electron  temperature  will  be  closely  coupled  to 
the  vibrational  temperature of the  molecules.   Some  results of current  expansion- 
flow  experiments  which  support  this  proposed  coupling  process a re   br ief ly  
mentioned,  and  its  possible  importance  in  relation  to  the  extent of chemical  and 
ionization  nonequilibrium  in  other  expansion  flows of shock-heated  air   in 
hypersonic  nozzles  and  around  re-entry  vehicles is discussed.  I t   is   suggested 
that  free  electrons,   al though  present  perhaps  in small quantities,  could  be 
important  in  energy-degradation  processes in these  systems.  Other  existing 
observations  in NZ plasmas  which  appear  to  support  the  proposed  coupling 
mechanism  are  reviewed. 

A .  8 Importance of Impurities  on  Vibrational  Relaxation  Measurements  in 

NZ, A. L. Russo, J. Chem.  Phys. 44, 1305 ( 1  966). 

A. 9 Spectrophotometric  Measurements of the  Vibrational  Relaxation of CO 

in  Shock  Wave  and  Nozzle  Expansion-Flow  Environments, A. L. Russo, 

C A L  Report No. AD-1689-A-8, July  1967. 
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A. 9 cont 'd .   Abstract  

Inf ra red   and  Na l ine-reversal   spectrophotometr ic   methods  have  been 
employed  for  the  investigation of the  vibrational  relaxation of pure CO and 
5% CO t 95% Ar  tes t   gas   mixtures   behind  normal   shock  waves  and  in   quasi-  
steady  expansion  flows.,  The  shock-wave  studies  were  conducted  over a 
range of equilibrium  shocked-gas  temperatures of about  1400"  to  3200°K 
a n d   p r e s s u r e s  of a few  atmospheres.   Vibrational  relaxation times obtained 
by  these  two  techniques  were  found  to  agree  quite  well   and  are  consistent 
with  other  available  shock-wave  data  for  both  test  gas  mixtures.  The  ex- 
pansion-f low  resul ts   for  594 CO t 95% Ar  were  obtained  in  a shock-driven 
conical  nozzle  for a range of r e se rvo i r   t empera tu res  of about  3500"  to 5000°K 
a n d   r e s e r v o i r   p r e s s u r e s  of about   45  a tm.   For   these  experiments ,   the  Na 
l ine- reversa l   and  CO infrared  diagnostic  techniques  indicated  vibrational 
temperatures   much  lower  than  those  predicted  by  the  Landau-Tel ler   theory 
using  the  shock-wave  measured  rate  data. In addi t ion,   the   infrared  measure-  
ments  indicated  somewhat  lower  vibrational  temperatures  than  the Na line- 
r eve r sa l   r e su l t s .   I n   t e rms  of vibrational  relaxation  rates,   the  expansion- 
flow  data  indicate  that  the  deexcitation  process  in  the  nozzle  proceeds  aboul 
two  orders  of magnitude  faster  than  anticipated  on  the  basis of the   ra tes  
measured  behind  shock  waves.   These  observations  are  consistent  with 
previous  results  obtained  for N . While a conclusive  explanation af these 
r e su l t s  is not  presently  availabfe,   the  results of recent  theoretical   studies 
are  discussed  which  suggest  that   the  detailed  mechanism of the  relaxation 
process  may  depend  on  the  gasdynamic  environment.  

A .  10  Spectrophotometric  Measurements of the  Vibrational  Relaxation of CO in 

Shock  Wave  and  Nozzle  Expansion-Flow  Environments, A. L. Russo, 

J. Chem.  Phys. 4 7 ,  5201  (1967).  Abstract  as  in A. 9 above. 

A .  11 Resonance  Absorption  Spectrophotometry D f  the  Hydrogen  Atom  behind 

Shock  Waves, A. L. Myerson, H. M. Thompson  and P. J. Joseph,  CAL 

Report No. AD 1689-A-3,  May  1964. 

Abstract  

The  ra te  of formation of atomic  hydrogen  behind  an  incident  shock  wave 
in  hydrogen-argon  mixtures  has  been  followed  directly  by  means of atomic 
absorption  spectrophotometry.  The  absorption  involved  the  strong,  resonance 
transit ion of the  hydrogen  atom  from  i ts   ground  state  to  the  f irst   excited  level.  
The  development of a cool ,   low  pressure  source of Lyman  alpha  radiation 
was  required s o  that  the  half-width of the  source  line  could  be  considered 
thin  when  compared  with  that of the  same  l ine  in   absorpt ion  ar is ing  f rom  the 
hydrogen  atoms  behind  the  shock  front.  Preliminary  rates  have  been  calculated 
and  provide  evidence  for  dissociation  catalyzed  by  oxygen. 
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A. 12  Resonance  Absorption  Spectrophotometry of the  Hydrogen  Atom  behind 

Shock  Waves, A. L. Myerson, H. M. Thompson  and P. J. Joseph, J. 

Chem.  Phys. 4 2 ,  3331  (1965). 

A.  13  Atom  Formation  Rates  behind  Shock  Waves  in  Hydrogen  and  the  Effect 

of Added  Oxygen, A. L.  Myerson, W. S. Watt  and P. J. Joseph,  CAL 

Report NO. AD 1689-A-7,  November  1966. 

Abstract  

A direct ,   i sothermal   measurement   has   been  made of the  rate of formation 
of atomic  hydrogen  behind  shock  waves  in  hydrogen-argon  mixtures.  This 
has  been  accomplished  by  using  atomic  resonance  absorption  spectrophotometry 
in  the  vacuum  ultraviolet.  The  observations  were  made  in  an  ultrahigh-purity 
shock  tube.  The  sensitivity  afforded  by  the t echnique  and  the  simplicity of 
the  interpretation  bespeak a hi h degree of accuracy   for   the   measurement .  
The  value  kd = 1. 18 x 10" TITz  exp   ( -94 ,   500/RT)   cm3  mole- '   sec- l   was  
obtained  over  the  temperature  range 2 1 5 0 ° K  to 3640°K.  Because af the  sensitivity, 
it   was  also  possible  to  determine  quantitatively  the  catalytic  effect of the  addi- 
tion of smal l   amounts  of oxygen.  These  observations  have  led  to  an  unequivocal 
measurement  of the  rate of the  limiting  step H + 0 2 -  OH t 0 in  the  mechanism 
of the H z - 0 2  reaction  under  the  conditions of the  experiment.  

A. 14 Atom  Formation  Rates  behind  Shock  Waves  in  Hydrogen  and  the  Effect 

of Added  Oxygen, A. L. Myerson  and W. S. Watt, J. Chem.  Phys. 2, 
425 (1  968). 

Abstract  

A direct   i sothermal   measurement   has   been  made of the  rate of formation 
of atomic  hydrogen  behind  shock  waves  in  hydrogen-argon  mixtures.  This 
has  been  accomplished b using  atomic  resonance  absorption  spectrophotometry 
a t  the  Lyman- a line of both ' H  and ' H  . The  observations  were  made  in  an 
ultrahigh-purity  shock  tube.  Absorption  coefficients  for  the  atoms  were  determined 
experimentally.  The  hydrogen-argon  dissocia  ion  rate  is  given  by  the  expression 

temperature  range 2290" - 3790°K.  The  hydrogen  molecule  was  found  to  be 
five  times  more  effective  than  argon  as a collision  partner.  Because of the 
sensitivity.of  the  technique,  it   was  also  possible  to  determine  quantitatively 
the  catalytic  effect of the  addition of small  amounts of oxygen. F r o m   t h   s e  
obse  vations  an  expression k.-.. = 6. 0 x 1012 T'" exp  (-17750/RT)  cm'  mole-1 
sec- '   was  obtained  for  the  reaction H t 0 2  = OH t 0 over  the  temperature  range 

= 2. 23 X 1012 T"' exp  (-92600/R?)cm 5 mole-1  sec- l   over   the 

1700" - 2700°K. 
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A. 15  Atom  Formation  Rates  behind  Shock  Waves  in  Oxygen, W. S. Watt  and 

A. L. Myerson,  CAL  Report No. AD-1689-A-9,  February 1969. 

Abstract  

Atomic  absorption  spectrophotometry  has  been  used  to  monitor  the  rate 
of  oxygen  atom  formation  behind  shock  waves  in  oxygen-argon  mixtures.  These 
observations  were  made  by  observing  the  t ime-history of absorption  at  the 
oxygen  atom  tr iplet   near 1300 A. The  atomic  absorption  coefficients  were 
determined  experimentally  in  the  shock  tube.   These  observations  lead  to  an 
oxygen-argon  dissociation  rate  f iven  by L A r  = 1.85(+ 14%) x 10"T0'5exp 
(-95,  700/RT)  cm3  mole- '   sec-  over  the  temperature  range  2850°K to  5550°K. 
In  addition  this  technique is shown  to  provide a powerful  method  for  examining 
the  vibration-dissociation  coupling  region.  Measurements of the  induction 
t ime  for  a s teady-state   a tom  formation  ra te   to   be  es tabl ished  were  obtained 
in  the  temperature  range  2850°K  to  5000°K.  These  measurements  are  com- 
pared  with  previously  published  experimental  and  theoretical  induction  times 
for  dissociation  in  oxygen-argon  mixtures. 

A. 16 Atom  Formation  Rates  behind  Shock  Waves  in  Oxygen, w. s. Watt 

and  A. L. Myerson, J. Chem.  Phys.  (to  be  published).  Abstract as 

in A.  15  above. 
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